Abstract -The paper presents a new concept for controlling the flow of power within AC networks. The application is based on the series connection of impedances between different phases of the two (synchronous) subnetworks to be interconnected, hence its name: the Interphase Power Controller (IPC).
INTRODUCTION
The acronym FACTS (Flexible AC Transmission System) most often designates thyristor-based systems characterized by static and dynamic control of the power flow and/ or voltage. They comprise static var compensators, thyristor-controlled series capacitors, thyristor-switched phase The purpose of these technologies is to facilitate the supply of loads in flexible and rapid fashion, while providing optimal management of electrical networks. In most cases, they allow a "controlled flow" thus removing some of the constraints of the "free flow" of power [4 -51.
Under the current free flow mode, some problems encountered essentially involve regulating the power flow in steady state. However, certain networks may be sensitive to daily or seasonal load variations and may require additional reactive power to adjust their voltages. Other networks may require fast control of voltage and power at different points in the network in order to maintain stability. The concept presented in this paper --the Interphase Power Controller (IPC) --deals mainly with the first of these situations.
Many types of IPC's are possible and each type can have different configurations. An initial paper presented an IPC equipped with thyristor switches used to interconnect non synchronous networks [6]. In the present paper and in reference [7] , the most basic type of IPC is described for applications where a fixed quantity of active power must be carried between two subnetworks without increasing the short-circuit level in either network.
The IPC ensures reliable and predictable operation under normal as well as contingency conditions. In addition, it is shown that in the case of contingencies, the IPC can pmvide reactive power support for the adjustment of voltages.
Subsequent generations of IPCs equipped with thyristors and appropriate control circuits also present interesting prospects for network applications where fast control action is required.
IPC TECHNOLOGY

Operating principle
The IPC uses a group of three-phase reactors and capacitors each installed in series between two networks or subnetworks (Figure 1 ). What distinguishes this new class of equipment from other series compensation equipment is the way in which the series components are connected to the networks.
For instance, the phase A reactor and capacitor of the first network could be connected to phases B and C of the second network. sible to force a current in each of the networks even if the angle at the terminals is nil. When all components are energized, the amplitude and phase angle of the current are set in one of the two buses to which the IPC is connected. This current control thus enables the power carried by the IPC to be set, as well as the reactive power absorbed or generated at one of the buses.
Susceptances
In this paper, reactors and capacitors are always considered to be ideal without any losses. The impedances of these series components are then reduced to their imaginary part, i.e. reactance. Within the context of the IPC where these series componencs are laid out in parallel with respect to one another, the term susceptmce is used instead of reactance for practical reasons (B = -l/X). We have generally done so throughout the paper.
Sample applications
From the principle described above, an entire family of IPCs using two susceptances can be designed. Only two configurations are shown.
ZPC 240
A first IPC appears in Figure 2 . The simplified diagram shows only two out of the total six susceptances. The susceptances are connected to a set of switches which enable the direction of the active power flow P to be inverted.
The active power P is defined as positive when the flow occurs from the S-side (sending) towards the R-side (receiving). Reactive powers Q, and Q, are positive when the IPC generates reactive power to the buses to which it is connected.
Where the flow is positive, susceptances B1 and B2 are connected to voltage points ks and &, respectively, as shown in Figure 2 . Power flow inversion is simply done by reconnecting the susceptances on the S-side so that Bl takes the position of B2 and vice versa. This method of inverting the direction of the power flow is used for all IPCs. The IPC in Figure 2 is designated as 240 type since the B1 and B2 susceptances are respectively connected to voltage points E , and b,. which are phase shifted by an angle y of 240".
The phase current h, is equal to the sum of the currents bl and 102 in the susceptances. Since these currents have , . , -
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Figure2 IPC 240 equipped with switches to invert angles of +60° and -60" with respect to the voltage &,, their power factor is low.
IPC 120
To improve the power factor of these currents, a Y-y6 (180" phase shift) transformer can be used, as shown in Figure 3. the direction of the active power flow. For the same power level (i.e. the same current hr in Figures 2 and 3) , the currents in the susceptances are now much smaller. The phase shifts of currents and 182 with respect to the voltage hr are +30" and -30" respectively, which results in a better power factor.
The connection of the susceptances between different phases of the two networks can be represented by the simplified equivalent circuit shown in Figure 5 , provided that the susceptances are conjugated, transformer leakage impedance and all losses can be neglected. Under these conditions, the IPC behaves as two controlled current sources. In p.u of the rating, the amplitude of each current source is proportional to the terminal voltage on the opposite side of the IPC.
The installed reactive power is significantly lower than that of the IPC 240, which compensates for the additional transformer. The total losses are about the same in both cases.
This paper describes the IPC 120, which is considered a better overall configuration [7] .
IPC 120 PERFORMANCE
Ideal characteristics
As shown in the Appendix, if susceptances B1 and B2 are variable, the IPC can directly control the active power P and reactive power Q, or Q, as long as there are voltages applied on the susceptances. With a regulating system, it is also possible to control other variables such as the voltages Vh or V, , . at the IPC terminals.
In the case of an application where only the active power flow has to be controlled over a limited angle range centered about 6 = 0", the susceptances can be set to fixed values. Figure 4 shows the characteristics of the active and reactive power on the R-side of the Bl and B2 susceptances as a function of the angle 6 when the IPC 120 is connected to two infinite buses. The characteristics of susceptances B , and B2 are shifted by the angles w1 = -60" and w2 = +60", respectively. The transformer is considered to be ideal. According to Figure 4 , the power factor on both sides of the IPC is equal to cos(6).
Thus, for a k25" angle range centered at 6 = O", the active power flow remains nearly constant even with fixedvalue susceptances. The reactive power varies almost in linear fashion with a curve equal to -1 p d r a d . around o".
Moreover, the IPCs does not produce any harmonics since there is no phase control adjustment.
Influence of different parameters
This section demonstrates that the IPC 120 controls the active power in reliable and predictable fashion using susceptances with fixed values.
As long as the 6 angle at the IPC terminals is maintained within a range of fl5". it is not necessary to subdivide and switch the susceptances to regulate power flow. Switching is necessary for changing the power level and for generating or absorbing a desired amount of reactive power.
The IPC is first studied between two infinite buses in order to show the effects on the power characteristics of leakage impedance, terminal voltage and switching of the susceptances. Then, the IPC is connected to two buses with typical ThCvenin-equivalent impedances in order to show that the IPC characteristics are virtually not affected by the short-circuit levels of the networks.
The following Characteristics are calculated for nominal voltage on each side and a transformer ratio n=l (Figure 3 ). 1.0 p.u power is the rating of the IPC. The maximum values for the B1 and B2 susceptances for all of the characteristics are -57.7% and +57.7%, respectively. Transformer leakage impedance is set at 10%. 
Nominal operation
The characteristics of the IPC 120 are shown in Figure6. The angle range retained extends f25' about 6 = 0" (Figure 4) . The operating range is sufficient for most applications of power exchange between two neighboring subsystems,
The solid and broken curves are plotted for the susceptances at their maximum value and at 2/3 of this value. The susceptances B , and B2 remain conjugated. The flow is thus directly proportional to the values of the susceptances and the shape of the power characteristics is not changed.
The power flow decreases by 9.37% at 6 = +25" and 3.4% at 6 = +15O. The reactive power on each side varies with a slope of -0.0169 p.u./deg.
Transformer leakage impedance
The angular displacement between the sources is now shared between the series impedances and the transformer's leakage impedance. Since the direction of the flow is from the S-side to the R-side, the angle directly located at the sus- ceptance terminals decreases, which causes the susceptances to generate more reactive power. This increase is visible on the R-side ( Figure 6 ) where there is no msformer. The Q, characteristic is displaced to the right. On the S-side, the aansfonner leakage impedance absorbs the reactive power generated by the susceptances. Figure 7 shows the power characteristics for the power flow inverted and for the maximum absolute values of the susceptances. The power inversion is obtained by reconnecting the susceptances. The Q, characteristic is now displaced by the transformer leakage impedance towards the left.
Power inversion
The power flow at 6 = 0' and the slopes of reactive power curves are the same but of opposite sign. The sensitivity of tlie power flow to 6 does not change.
Voltage at the IPC terminals
In Figure 8 , the characteristics are calculated for maximum power. Curve sets 0,Q and 0 are plotted for voltages on each side of the IPC of 1.1, 1.0 and 0.9 P.u., respectively.
In accordance with (A.3), the variation in the power flow P is given by the product of two voltages. For instance, curve o shows apower increase of21%, (1.1)*=1.21.
The variations in Q, and Q, are similar for an equal change in voltage on both sides.
However, if the voltage increases by 10% on the R-side only (not shown), the maximum reactive power increase of Q, is 4% and occurs at 6=-25". This demonstrates that voltage variations on one side of the IPC have no significant effect on the other side.
Suscepbnce switching
The power characteristics have a different shape when susceptances B1 and B2 are not conjugated. Figure 9 shows the extreme case when one of the susceptances becomes nil. Here, susceptance B2 (capacitive) remains fixed while susceptance B1 (inductive) is maximum and then zero, (solid and broken curves, respectively). When B1 is nil, active power decreases almost in linear fashion from -25" to +25', passing from 0.61 to 0.35 p.u. The reactive power generated on each side by the IPC is 0.31 p.u. at 6 = 0" when only the capacitors (B2) are in the circuit.
Under these conditions, the power flow is more sensitive to changes in the angle 6. However, this is an unusual mode of operation for the IPC that should only be used when the subnetworks are in a contingency situation.
If susceptance B2 is switched while susceptance B1 remains futed, similar results can be inferred. The lowest active power transfer capability is at -25' rather than +25O and reactive power is absorbed instead of generated by the IPC (Q, and Q, are shifted by approximately -0.6 P.u.). Table 1 gives a summary of the operating points available from the IPC 120 at nominal conditions. 
Subnetwork short-circuit impedance
The two subnetworks are represented by Thevenin equivalents in order to demonstrate the influence of their short-circuit impedance on the characteristics of the IPC. The rated power of the IPC at 6 = 0" is set at 1 P.u., while the corresponding subnetwork short-circuit power is 15 p.u. This is a short-circuit level which is representative of an urban area system. The susceptances used by the IPC are the same as those used previously.
Under these conditions, the inductive and capacitive impedances of the IPC 120 are each 25 times greater than the subnetwork short-circuit impedance Zu2o seen on each side of the device. The corresponding characteristics are plotted in Figure 10 as a solid curve.
If the Thevenin impedance on the S-side only is increased by loo%, the active and reactive power characteristic are only slightly affected as shown by the broken curves in Figure 10 . This 100% increase represents a severe contingency since the short-circuit level decreases by half. Thus, the daily and seasonal load variations in the subnetworks as well as changes during maintenance periods or in contingency situations should not affect the behavior of the IPC.
It should be noted that during contingencies of such magnitude, the IPC can help to maintain the voltage by generating or absorbing reactive power while reducing the active power flow between the subnetworks.
Installed reactive power and losses
The installed reactive power of the IPC 120 is 2.1 p.u. This amount of reactors and capacitors enables the IPC to maintain the power flow between 0.91 and 1.0 p.u. over an angle range of + 2 5 O when the voltages at its terminals are both at 1 . O p.u.
Losses are mainly located in the transformer and reactors. Under the above conditions, the transformer losses are 0.34% and constant for the entire angle range. The reactor 
BEHAVIOR OF THE IPC IN OPERATION
Based on the power characteristics shown for the IPC 120, two basic observations can be made as to the behavior of the device compared to transmission lines, with or without series compensation, and a phase-shifting transformers.
These observations summarized in Table 2 are general and apply to all IPC configurations: the sensitivity of the power flow with respect to the angle at its terminals is low, while it is very high for transmission lines and phase-shifting transformers;
inversely, the sensitivity of the reactive power with respect to the angle at its terminals is relatively substantial, whereas transmission lines and phase-shifting transformers are not highly affected. Thus, following a change in angle, the IPC maintains a nearly constant active power transfer between the subnetworks. If the disturbance is accompanied by a voltage change within the perturbed subnetwork, the error in the active power flow is also dictated by the amplitude of the voltage change. Meanwhile the voltage of the healthy subnetwork is not affected.
Equipment
In addition, the inversion of the direction of the power flow due to angular displacement is for all practical purposes prevented.
The IPC exhibits this type of behavior in wholly passive fashion without generating any harmonics. Traditional or recent technologies require mechanical or electronic switches as well as a closed-loop controller in order to perform equivalent functions.
Short-circuit current limitation by the IPC
As shown above, the IPC series impedances are substantially higher than the subnetwork short-circuit impedances. Considering a short-circuit on either side of the IPC, the series impedances limit the fault current.
In the case of a three-phase short-circuit, each phase of the healthy subnetwork feeds a parallel LC circuit with a resonance frequency of 60 Hz, since the susceptances are conjugated. The net result is that the contribution to the shortcircuit remains at the prefault current level (see Figure 5 ).
An interesting point regarding the IPC 120 is that during a fault, the voltages applied to the susceptances are the same as during normal operation. "lie faults therefore do not create any particular voltage constraints to the IPC 120.
Open-circuit conditions
Should the circuit breaker on one side of the IPC open, the subnetwork still connected to the IPC supplies three series LC circuits with a resonance frequency of 60 Hz. In order to avoid that the voltages at the midpoint of the LC series circuits become dangerously high, varistors are installed on each side of the susceptances 171. 
Resonance with the networks
With the IPC operating under normal conditions, a series resonance phenomenon can occur with the equivalent reactance of the subnetworks.
To illustrate this phenomenon, it is possible to replace the IPC by its frequency equivalent. This equivalent simply consists in a series capacitor which is identical to the one in the IPC. An eigenvalue study has shown that this equivalent adequately represents the resonance frequencies with an accuracy of 10% providing that the IPC impedances are at least 10 times that of the interconnected networks.
Based on this equivalent, it can be deduced that where the IPC 120 impedances are equal to 15 times the subnetwork impedances, the resonance frequency is approximately:
Since this value is not close to 60 Hz, it does not present operational problems similar to those found with series compensation where subsynchronous resonances may occur.
FUTURE PROSPECTS
This paper has presented the operating principle of dualsusceptance IPCs within the context of power flow control between two subnetworks. It has been shown that if the angle between the subnetworks remains within f25', the susceptance values do not need to be adjusted.
However, if the susceptances are made variable, it becomes possible, using a regulating system, to directly control any two of the following parameters: e Q , , Q, V, V, IPCs are thus in no way limited to passive control of the power flow between two subnetworks. The IPC technology based on two or three susceptances constitutes a new class of apparatus for the control of power and voltage in networks. As such, it can potentially be used for network applications where a flexible adjustment of the power flow is required along with voltage support, both in steady and dynamic states.
CONCLUSIONS
The Interphase Power Controller (IPC) is a new concept for controlling the flow of power within AC networks. It is a passive device constructed from conventional elements (transformer, capacitors, reactors and circuit-breaker).
For the subnetworks on each side, the IPC appears as a current source with the following characteristics: the active power flow is nearly constant (within 10%) over a wide range (+25') of angle across the IPC; there is no significant short-circuit contribution from one network to the other; severe contingencies on one side of the IPC have negligible impact on the voltage of the other side; no harmonics are generated. Other operating conditions (reduced power, reactive power generation or absorption) are possible by switching impedance components within the IPC. This is done with conventional circuit breakers. Voltages bl and J, $Q applied to susceptances B, and E2 generate currents b1 and &Q, respectively, that form an angle of 60" between them (Figure 3) . The current &,. of phase A on the R-side is directly equal to the sum of these currents. Since the IPC is symmetrical, the current is equal, with respect to transformation ratio n, to the sum of currents and &Q. phase shifted by -60" and +60°, respectively. By adjusting the value of the susceptances, the IPC thus provides full control over the amplitude and phase angle of current with respect to the voltage & or, similarly, full control of kr with respect to the voltage br. It is thus possible to set the power $, or &. These powers are defined as pointing towards the S-side and the R-side, respectively (towards the outer side of the IPC):
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Where the transformer is ideal and n = 1, the values for P, Q, and Q, are given by: of the IPC 120 are -60' and +60°, respectively. Equation (A.3) is a system of 3 equations with two unknown quantities. The IPC 120 may therefore control any two of the three powers provided that the two susceptances can be varied. Using a regulating system, it is possible to convert the control of Q, or Q, into a regulation of V, or V,. Other regulation strategies may also be devised. Moreover, with a third susceptance three variables can be controlled.
Where the P and Q, values are controlled, the susceptance values are given by: 
BIOGRAPHIES
Jacaues Brocb "86) obtained his B.A.Sc. and M.A.Sc. degrees in electrical engineering from Universite Laval in 1981 and 1986 respectively. From 1981 to 1983, he was production engineer for Canadian General Electric. He has been with the electrical apparatus department at HydroQuebec's research institute (IREQ) since 1985. In 1990 he joined CITEQ, where he is currently involved in main circuit development.
His research has mainly revolved around transistorized drives, induction heating inverters and power flow control devices for power systems.
